Abstract Pleistocene climate fluctuations have shaped the patterns of genetic diversity observed in extant species. Although the effects of recent glacial cycles on genetic diversity have been well studied on species in Europe and North America, genetic legacy of species in the Pleistocene in north and northwest of China where glaciations was not synchronous with the ice sheet development in the Northern Hemisphere or or had little or no ice cover during the glaciations' period, remains poorly understood. Here we used phylogeographic methods to investigate the genetic structure and population history of the chukar partridge Alectoris chukar in north and northwest China. A 1,152 -1,154 bp portion of the mtDNA CR were sequenced for all 279 specimens and a total number of 91 haplotypes were defined by 113 variable sites. High levels of gene flow were found and gene flow estimates were greater than 1 for most population pairs in our study. The AMOVA analysis showed that 81% and 16% of the total genetic variability was found within populations and among populations within groups, respectively. The demographic history of chukar was examined using neutrality tests and mismatch distribution analyses and results indicated Late Pleistocene population expansion. Results revealed that most populations of chukar experienced population expansion during 0.027 -0.06 Ma. These results are at odds with the results found in Europe and North America, where population expansions occurred after Last Glacial Maximum (LGM, 0.023 to 0.018 Ma). Our results are not consistent with the results from avian species of Tibetan Plateau, either, where species experienced population expansion following the retreat of the extensive glaciation period (0.5 to 0.175 Ma) [Current Zoology 59 (4): 458-474, 2013].
The Pleistocene was characterized by global climatic perturbations, resulting in the development of large ice sheets and changes in the landscape and ecology of high-latitude continental areas of the northern hemisphere is the character of Pleistocene (Rising and Avise, 1993; Hewitt 1996; Merila et al., 1997) . Range contractions and expansions have greatly influenced the level and distribution of intraspecific genetic variation in many species due to periodic climatic oscillations over the Pleistocene (Avise, 2000; Hewitt, 2000) . The late Quaternary period (the past one million years) was characterized by a series of large glacial-interglacial changes (Imbrie et al., 1992) . The major climatic oscillations occurred during the last 700 kyr with a dominant 100-kyr cycle (Webb and Bartlein, 1992; Li and Fang, 1998) . Severe climatic shifts can produce great changes in species' geographical distribution and abundance which can be expected to have genetic consequences (Dynesius and Jansson, 2000; Hewitt, 2000) . The development of molecular technology provides suitable genetic markers to examine the genetic effects of these changes (Hewitt, 2000) . Climate cycles are considered critical in shaping the distribution and genetic attributes of species for glaciated regions like Europe and North America (Avise, 2008; Hewitt, 2000 Hewitt, , 2004 . For example, phylogeographic studies have shown that European and North American species expanded from southern refugium after the Last Glacial Maximum (LGM) (Hewitt, 1996; 2004) . For these species, genetic diversity is usually geographically structured and can be partially attributed to the admixture of divergent lineages originating from separate refugium. In contrast to the well-developed ice sheets in Europe and North America during the Pleistocene glaciations in East Asia were less extensive (Edwards et al., 2000) and even in Tibetan Plateau there was no integrity ice-sheet covered during the Pleistocene (Shi, 2005) . A few cases of Pleistocene diversification have been documented in East Asian birds (Li et al., 2010; Liu et al., 2010; Qu et al., 2005 Qu et al., , 2010 Qu and Lei, 2009; Song et al., 2009; Zhao et al., 2012) and most of these studies focused on Tibetan Plateau and adjacent regions and showed a homogenizing gene flow during interglacial inhibited divergence (Qu et al., 2005 (Qu et al., , 2010 Li et al., 2009 ). In glaciated montane or arid areas of East Asia, especially in north and northwest of China, glaciations was not synchronous with the ice sheet development in the Northern Hemisphere, resulting in less or even no ice covering in these areas. However, the demographic history for taxa in these areas is poorly understood. A complex variety of processes at different temporal scales such as isolation by distance, divergence, and population expansions typically occur over long timescales, while population contractions and dispersal events typically occur over shorter timescales which consisted of the phenomenon were called demographic history (Johnson et al., 2007) .
The chukar partridge (Alectoris chukar, Aves: Galliformes, hereafter, chukar) has a very wide distribution, ranging from east Balkans and the adjacent Mediterranean islands to central Asia up to northeastern China (Cheng, 1978; Aebischer, 1997; Madge and McGowan, 2002; Clements, 2007) . The distribution region of the species in China includes two climatic types, arid and semi-arid climate region in the west and temperate monsoon region in the east China. Previous studies on chukar have focused on phylogeography (Huang and Liu, 2004a) , introgression (Chen et al., 1999; Liu et al., 2006; Barilani et al., 2007a, b; Barbanera et al., 2007 Barbanera et al., , 2009a Yang and Liu, 2009 ) and genetic structure (Randi and Alkon, 1994; Huang and Liu, 2004b; Guerrini et al., 2007; Barbanera et al., 2009b) . Very few studies have addressed the issue of demographical history of chukar, especially the subspecies in China. On the other hand, comparing with the population genetic studies on other taxa which distributed in similar environment, such as ring-necked pheasant , Daurian Partridge (Cao et al., 2010 (Cao et al., , 2012 , toad-headed lizards (Urquhart et al., 2009 ) also distributed in similar environment, chukar has not received much attention.
Phylogeographical studies using MtDNA control region (CR) were seriously debated (Hewitt, 2001; Johnsen et al., 2006) , and nuclear markers (Cao et al., 2012) or combined with multiple genes were recommended (Qu et al., 2010 Zhang et al., 2011) . However, single mtDNA gene sequencing is actually acceptable in the current phygeography study (Zink and Barrowclough, 2008) and papers were still be published by using a single mitochondrial gene (e.g. Wang et al., 2011) . In this paper, the mtDNA control region (CR) was sequenced for chukar populations sampled across their distributions in China. The purposes of the present study are to: (1) use mtDNA CR to characterize population structure of chukar throughout their ranges in China; (2) infer the evolutionary history and past demographic processes.
Fig. 1 Map showing the sample sites of Alectoris chukar in China
Details of the sampling sites are described in Table 1. ducts were purified and then sequenced at both directions on an ABI373 automated sequencer by Sangon Biotech (Shanghai) Co., Ltd. Sequences were deposited in GenBank and the Accession Nos. are from HQ735208 to HQ735288 and from KC315845 to KC315847.
Sequence alignment and data analyses
Sequences were aligned by Clustal W (Thompson et al., 1997) and refined manually. Haplotype diversity (h) and nucleotide diversity (π) for each group and population were calculated using DnaSP 5.0 (Librado and Roza, 2009) . Arlequin version 3.1.1 (Excoffier et al., 2007) was used to perform Tajima's D (Tajima, 1996 ) and Fu's Fs test (Fu, 1997) of selective neutrality, to perform the analysis of molecular variance (AMOVA), and to compute pairwise population mismatch distributions, time since population expansion (τ) and effective population sizes before (θ 0 ) and after (θ 1 ) expansion. As only one haplotype collected in populations of BC and HF, which might greatly bias our analysis because of small sample size, we therefore removed these populations from further analyses except for phylogenetic reconstruction. In order to test historical population expansion events within chukar populations, we compared the observed frequency distribution of pairwise nucleotide differences among individuals (i.e. mismatch distribution; Rogers and Harpending, 1992) with expected distributions from a population expansion using the generalized non-linear least-square approach (Schneider and Excoffier, 1999) as implemented in the program Arlequin version 3.1.1. The raggedness index (r) of the observed mismatch distribution was also calculated for each of the populations and its significance determined similar to SSD as implemented in Arlequin version 3.1.1.
Mutation rate and expansion time of the mtDNA CR in the chukar were computed following Rooney et al. (2001) . We estimated the number of nucleotide substitutions per site (d) using the formula: d = (tv+tvR)/m, where tv = the number of transversions between A. chukar and A. magna; R = transition/transversion ratio in chukar; and m = length of the sequence). The rate of nucleotide substitution per site per lineage per year is k = d/2T, where T is the divergence time between ingroup and outgroup species. The mutation rate per nucleotide site per generation is l = kg, where a generation time (g) of two years was used for chukar according to Liu (un-published) . The mutation rate per haplotype is u = ml, and the expansion time in generations is t = τ/2u (Rogers and Harpending, 1992) . This method was used by Randi et al. (2003) .
To test for isolation by distance (Slatkin, 1993; Wright, 1943) , pairwise values of F ST /(1-F ST ) (Rousset, 1997) were plotted against geographical distance (onedimensional stepping-stone model) between sample sites of chukar. Under the stepping-stone model, genetic differentiation can build up between distant populations even when adjacent populations remain indistinguishable due to high pairwise gene flow. In such cases, there can be a positive relationship between geographic and genetic distance (Palumbi, 2003) . Networks were processed first by the median-joining method (Bandelt et al., 1999) and then by the Maximum parsimony Steiner method (Polzin and Daneschmand, 2003) . Networks were constructed using the Network 4.5.1.6 (www.fluxus- 2 Results
Genetic variation
A 1,152-1,154 bp portion of the mtDNA CR were amplified and sequenced for all 279 A. chukar specimens. A total number of 91 haplotypes (32.62% of all samples) was defined from 113 variable sites (9.79% of the entire sequence) including 101 substitutions (78 transitions and 23 transversions) and 12 indels (see Appendix) . The number of observed haplotypes within populations ranged from one in BCH and HF to 12 in SN ( Table 2 ). The percentages of unique haplotypes per population varied from 14.3% in GT and HY to 100.0% in SBC and BCH. The most common haplotype was H23 shared by 53 individuals from 18 populations and Table 2 Details of number of sample sizes (N), haplotypes (Nh) and unique haplotypes (Nu), nucleotide (π) and haplotype (h) diversity, the average number of pairwise differences (k) and raggedness index (r) in populations and regional groups Populations and groups' abbreviations as in Table 1. the second common haplotype was H74 shared by 32 individuals from 15 populations (see Appendix). These haplotypes were distinct from each other by one to 17 substitutions. The mean haplotype diversity and nucleotide diversity were 0.939 ± 0.008 and 0.0030 ± 0.0017 respectively. Haplotype diversity among the 28 populations varied from 0.600 ± 0.215 (HH) to 1.000 ± 0.272 (SBC), and nucleotide diversity ranged from 0.0006 ± 0.0007 (HJ) to (0.0071 ± 0.0041) (HEG) ( Table 2 ). The number of pairwise differences (k) was ranged from 0.667 ± 0.667 (HJ) to 8.244 ± 4.178 (HEG) with an average value of 3.480 ± 1.780 (Table 2 ). There were 71 unique haplotypes found in 28 populations, indicating high levels of genetic variation among the chukar populations in China. The haplotype diversity and nucleotide diversity of TSH are 0.969 ± 0.012 and 0.0043 ± 0.0024, respectively, which are both higher than the values in all other groups. The haplotype diversity (0.850 ± 0.031) and nucleotide diversity (0.0018 ± 0.0012) of LPT and NCP are the lowest among six groups (Table 2) .
Estimation of mutation rate and gene flow
Based on the equation: d = (tv + tvR)/m, we computed the average number of nucleotide substitutions per site between A. chukar and A. magna haplotypes and obtained d=0.048 (tv = 11, R = 4.02, m = 1154). The rate of nucleotide substitution per site per lineage per year ranged from 0.98×10 -8 (T = 2.50 Ma) to 1.23×10 -8 (T = 2.0 Ma) as the fossil of chukar was found during early Pleistocene (Hou, 1993) , and the mutation rate per generation ranged from 1.96×10 -8 to 2.45×10 -8 .
For the local populations, the mean τ value was 2.76 (min = 1.09 from AX and Max = 6.49 from HH; Table  5 ). Using our estimates of µ to convert the τ estimate to real time, we inferred the approximately expansion times in local population ranged from 0.019 -0.024 Ma in AX to 0.115 -0.144 Ma in HH. Most pairwise Fst-values were significant and these F ST -values ranged from 0.01 (HY-HH) to 0.42 (TS-KEL) ( Table 3 ). The remaining pairwise F ST -values were not significant which suggests high levels of gene flow (from 0.77 to infinite). The AMOVA analysis showed that 81% of the total mtDNA genetic variability was distributed within population (ΦST = 0.026, P<0.05) and 16% among populations within groups (ΦCT = 0.28, P<0.001) ( Table 4) . A Mantel test was performed to check for isolation by distance using F ST / (1 -F ST ) as recommended by Rousset (1997) . Correlations between genetic and geographic distance were analyzed among sampled populations (Fig. 2) . Positive values of r were observed among the populations. The Mantel test indicated a significant relationship (P < 0.01) between populations pairwise F ST /(1 -F ST ) and geographic distance among 24 sampled populations (Fig. 2) , with geographic distance explaining 24.2% of the variation in genetic differentiation (r = 0.492). Haplotype network (Fig. 3) of chukar was star-like with some common haplotypes shared by different samples came from different populations as center.
Historic demography
The observed mismatch distribution for the total sample size was not ragged, and the goodness-of-fit statistics were not significant (sum of squared deviations = 0.0192, P = 0.38; Harpending's raggedness index = 0.0198, P > 0.99). Thus, a fitting of the expansion model cannot be rejected. The population history of chukar was tested using different methods. A pairwise distance matrix was constructed with the 279 sequences of the D-loop of the mtDNA. The mismatch curve is bell-shaped (Fig. 4) , suggesting that the population has undergone expansion. Fu's Fs test of neutrality (Fu, 1997) (Table 5) , which indicated population demographic expansion for chukar. The star-like topology further suggested that the population of chukar has undergone expansion. To obtain more precise estimates, the neutrality tests and mismatch distribution analysis were performed. Although not all the mismatch distributions of the 26 populations fit the expected distributions under sudden expansion model (for example, it was bimodal for HH, WD, AKS and HEG populations, respectively) (Fig. 4) , they did not differ significantly (P>0.05) from the sudden expansion model and therefore were suitable for analyses of demographic patterns.
The estimated value of θ after the expansion (θ 1 = 99999.00) was higher than that of θ before the expansion (θ 0 = 0.00), and the value of τ was 1.80 (time to the expansion). Mismatches in the local samples showed some pairwise differences (Table 5) The AMOVA was performed using both allele frequency and molecular data simultaneously with ARLEQUIN. The P-values are the probabilities of having a more extreme variance component than the observed values by chance and are based on 1000 random permutations of the data matrix.
Fig. 2 Relationship between the pairwise genetic distances F ST /(1 -F ST ) and geographic distances separating the 24 chukar populations (sample sizes ≥ 5)
The regression is y = 8.47×10 -5 + 0.062.
parameter (τ) was 1.80 units of mutational time. The estimate of time since expansion was ~0.035-0.04 Ma ago based on the rates mentioned above for control region. Estimated effective female population size after expansion (θ 1 ) was significant larger than that before expansion (θ 0 ) ( Table 4) .
Discussions
The combination of low nucleotide diversity and high haplotype diversity, and the shape of the mismatch distribution, both suggest that A. chuakr has undergone a rapid range expansion following a population bottleneck. Time estimates derived from the mismatch distributions suggest that this colonization occurred at 0.027 -0.06 Ma for most populations. AMOVA indicate that no significant genetic divergence exists among regional groups. 
Patterns of genetic diversity
The levels of haplotype diversity in A.chukar populations are higher than that in its relatives, A. graeca (Randi et al., 2003) and A. magna (Huang et al., 2007) from previously glaciated areas, whereas the values of nucleotide diversity are lower. This indicates that the habitats of chukar have undergone less fluctuation than that of A. graeca and A. magna during the Pleistocene. During glacial periods, the displaced populations had to survive along the glacial refugium in a compressed biome, inevitably leading to reduced genetic diversity (Hewitt, 1996 (Hewitt, , 2000 . Similar result was found in other bird species with different habitat preferences in Qinghai-Tibetan plateau and in other regions of China, including species inhabiting Qinghai-Tibetan plateau (Qu et al., 2005 (Qu et al., , 2010 and species inhabiting stable environments .
When comparing nucleotide diversity of an ancestral population to that of its descendent population, the nucleotide diversity is expected to be higher in the ancestral population (Savolainen et al., 2002) . In the present study, we used nucleotide diversity as the more appropriate measure of genetic diversity. For chukar, western populations of chukar showed higher nucleotide diversities than eastern ones (Table 2 ). This result was consistent with the hypotheses that chukar originated in Central Asia including western China, which was assumed based on the features of morphology (Huang, 2005) . 3.2 Population genetic structure and isolation by distance High genetic differentiation can reflect "isolation by distance", which implies that distance-dependent gene Abbreviations as in Table 1 flows generally limit genetic differences among natural populations (Wright, 1943; Slatkin, 1993) . Thus, populations which are geographically close will be genetically more similar. The effect of geographic distance on the pattern of differentiation within this species seemed to be negligible. Significant population differentiation was found both between groups and between population pairs within the same group (Table 3) . Even geographically adjacent populations exhibited significant genetic differences. Quantitative analysis of genetic differentiation showed that genetic differences between WD, SP and AX and other populations were larger than other population pairs. F ST and RST are affected by natural selection, gene flow and migration among geographic populations. Migration could enhance gene flow and decrease genetic differentiation among populations. Gene flow estimates were greater than 1 for most population pairs in our study, implying that migration among chukar populations was so common that it has counteracted the effect of random genetic drift as predicted from theoretical considerations (Slatkin, 1987) . Arid or semi-arid environments and marine environments are often regarded as open habitats in which isolation by distance is the main mechanism that may promote genetic differentiation (Palumbi, 1994) . The plot of F ST / (1 -F ST ) and geographic distance revealed a strong pattern of isolation by distance in chukar (Fig. 2) , indicating that this species is at genetic equilibrium under dispersal and genetic drift (Slatkin, 1993) . Patterns of isolation by distance were also detected in some marine fishes such as Atlantic cod (Gadus morhua), despite its weak population structure (Pogson et al., 2001) . Spatial autocorrelation analysis in red drum (Sciaenops ocellatus) and black drum Pogonias cromis from the Gulf of Mexico also suggested a strong isolation-bydistance effect despite very low overall genetic differen-tiation among localities (Gold et al., 1994) .
Population demographic history
The ice ages had long-term lasting effects on climate change in Europe and North America (Hewitt, 1996 (Hewitt, , 2004 . In contrast, northern and northwestern China has been less affected by ice sheets during the last two glacial cycles (MIS 4 and MIS 2) (Sharma and Ower, 1996; Zheng et al., 2002; Zhang et al., 2006) , and the glacial period might have been too short for genetic divergences to arise. Moreover, the habitats of chukar were likely continuous, or at least less fragmented than the refugia in Europe and North America. It is plausible that the retreat and advance of glaciations might have had less influence on the populations in such habitats. If so, haplotype composition would have remained relatively homogeneous during range shifts and demographic fluctuations.
Populations at demographic equilibrium or in decline should provide a multimodal distribution of pairwise differences, whereas populations that have experienced a sudden demographic expansion should display a starshaped phylogeny and a unimodal distribution (Slatkin and Hudson, 1991; Rogers and Harpending, 1992) . Such a pattern that higher haplotype and lower nucleotide diversity and the unimodal mismatch distribution are frequently attributed to population expansion, which enhances the retention of novel mutations (Avise and Walker, 1998) and creates an excess of haplotypes differing by one or a few mutations (Slatkin and Hudson, 1991; Rogers and Harpending, 1992) . The recent expansion hypothesis is also supported by the common haplotype (H23) shared between geographically distinct regions and by the mismatch distribution analysis. When found high frequency in many populations, the most common haplotype (MCH) usually forms a center of a star phylogeny, which is typically interpreted as a range expansion from glacial refugia (e.g. Kvist, 2003) . Species possessing low nucleotide diversity (and high frequency of MCH) are most likely either recent colonizers of their range or that they have experienced a bottleneck during recent history. On the other hand, high genetic diversity (low frequency of MCH) in species implies that the populations have occupied their range long enough to accumulate mutations. According to coalescent theory (Crandall and Templeton, 1993) , the most common haplotype (H23), presenting in most populations, could result from the retention of the ancestral haplotype. The haplotype network based on mtDNA CR (Fig. 3) shows that center of the star-like topology is these MCH, such as H23 and H74, which may indicate that chukar originated from different ancestral haplotypes.
The tau value (τ), which reflects the location of the mismatch distribution crest, provides a rough estimate of time when rapid population expansion started. According to the estimated time of population expansion, most population expansion happened during metaphase of Late Pleistocene (0.027 -0.06 Ma), which is the fifth cold period (Cao, 1996) . Northern and northwestern China was cold and dry during this period, leading to poorly developed vegetation (especially in the forests) which became accessible habitat for chukar. The estimated time of population expansion for other populations (HH, WD, WH, JT and KEL), however, happened during 0.06 -0.15 Ma, which is the fourth warm period (Cao, 1996) . The climatic feature of north China was warm and wet during the period and forest vegetation therefore developed well to become as barriers to chukar's dispersal. There was no glacier effect in the northern China during Quaternary Glacial because of its low altitude and less rainfall (Li and Li, 1991) . After the last glaciation event, natural (such as desertification) and anthropogenically modified landscapes led to a rapid extension of the ecological niche for chukar, resulting in increased hybridization and gene flow between previously separated populations.
Mismatch distribution suggests that most populations have undergone a sudden population expansion with the exception of populations HH, WD, AKS and HEG. Mismatch distribution of these populations are bimodal (Fig. 4 , Table 5 ) which indicates that they are still experiencing bottleneck. Population HH experienced two major earthquakes (one in the middle of the 16th century in Guyuan city, and the other in the 1920's in Haiyuan County), which might have caused considerable declines in population sizes. Population WD located in Oriental realm and chukar is typical of arid and semiarid environments, which indicate that WD population is a founder population for the populations in Oriental realm and the population sizes are small. Population AKS located in the west terminal of Qilian Mountains where developed three larger glaciers during middle and late Pleistocene (0.45 -0.47 Ma BP) and the snowline was 800-1000 m lower in average than today's (Xiao et al., 2008) . The changed climate, along with anthropogeniically modified landscapes (e.g. fragmented habitats) and increased hunting activities, might have all contributed to the decline of population AKS.
Evolutionary history
Contrary to findings for many Eurasian bird species (e.g. Holder et al., 1999; Kvist et al., 2001 Kvist et al., , 2003 Randi et al., 2003; Zink et al., 2002 Zink et al., , 2003 , a high level of genetic diversity was found in chukar populations in our study. High level of gene flow, a relatively stable environment without much habitat changes and large effective population sizes may explain chukar's high genetic diversity during the Pleistocene Ice Ages. During the glacial maxima (about 18,000 years ago), Europe was mostly covered by ice-sheet, whereas Asia was ice-free and covered by the steppe-like vegetation or desert shrubs and semi-deserts in the arid regions (Frenzel et al., 1992) . Since chukar's habitats were ice-free in northern China and less covered by ice in northwestern China during LGM, chukar might have been able to survive maximum cooling without drastic range contraction. Comparisons of the means of mismatch distributions (and, therefore, nucleotide diversity) can give some insights into the assumption of relative age of populations. Relatively low genetic diversity was found in AX, HH, GP and WCH, which might indicate that these populations were founded relatively recently. In many species more northerly populations have reduced allele diversity which reflected a northward range expansion (Hewitt, 1996) . In present study, we found that the nucleotide diversity of chukar was decreasing from west to east. One possible historical scenario, supported by the pattern of nucleotide diversity, might be that A. chukar inhabited central Asia including western China, and then dispersed eastward. In order to document and date these inferred historical events, future study on phylogeoraphy history of chukar will require using nuclear markers or multiple genes with both mitochodrial and nuclear genes, increasing sample size and expanding sampling populations with a broader distribution. 
